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PERFORMANCE OF LI-1542 REUSABLE SURFACE 
INSULATION SYSTEM IN A HYPERSONIC STREAM 


by L. Roane Hunt and Herman L. Bohon 
Langley Research Center 


SUMMARY 

The thencal and structural performance of a large panel of LI-1542 
reusable surface Insulation tiles was determined by a series of cyclic 
heating tests using radiant lamps and aerotherma^ tests In the Langley 8-foot 
high- temperature structures tunnel. The test panel was designed by Lockheed 
Missiles and Space Company to represent a portion of the Space Shuttle 
Orblter fuselage along a 1100 K Isotherm. Aerothermal tests were conducted 
at a free-stream Mach number of 6.6, a total temperature of 1830 K, Reynolds 
numbers of 2.0 and 4.9 X 10^ per meter, and dynamic pressures of 29 and 
65 kPa. The results strongly suggest that pressure gradients in gaps and 
flow Impingement on the header walls at the end of longitudinal gaps are 
sources for increased gap heating. Temperatures higher then surface 
radiation equilibrium temperature were measured deep in gaps and at the 
header walls. Also, the damage tolerance of the LI-1542 tiles appears to be 
very hi^. Cracks in the tile coating and craters from foreign particle 
impact had no apparent effect on tile integrity. Tile edge erosion rate was 
slow; however, hot gas impingement on the header walls cause' cesslve 
erosion, which could not be tolerated in a Shuttle application. Tiles soaked 
with water and subjected to rapid depressurization and aerodynamic heating 
showed no visible evidence of damage. 


INTRODUCTION 
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The thermal protection system (TPS) of the Space Shuttle has been one of 
the key areas of technological concern since the inception of the Shuttle 
program (see ref. 1) and will remain so until the system design can be 
verified through appropriate tests. In support of this need, a test program 
was initiated to assess the thermal and structural performance of candidate 
thermal protection systems to identify efficient design features. Several 
full-scale TPS models, including metallic and reusable surface insulation 
(RSI), were obtained from industry for thermal-structural cyclic tests in a 
realistic aerothermal environment. One of the RSI panels is similar to the 
Shuttle baseline system and test results of this system are repotted herein. 

The test panel consists of rlgldized surface insulation tiles (designated 
LI-1542) bonded to a substructure. The panel was designed by Lockheed 
Missiles and Space Company to represent a portion of the Shuttle Orbiter 
fuselage along a 1100 K isotherm. The model was subjected to several thermal 
tests including aerodynamic and radiant heating. Aerodynamic heating tests 
were conducted in the Langley 8-foot high-temperature structures tunnel at a 
free-stream Mach number of 6.6, a total temperature of 1830 K, Reynolds 
nun^ers of 2.0 and 4.9 X 10^ per meter, and dynamic pressures of 29.0 and 
65.0 kPa. The radiant heating tests were performed between aerodynamic 
heating tests at atmospheric pressure using radiant lamps to simulate the 
thermal load of the entire Shuttle reentry. Preliminary test results on gap 
heating, flow impingement, and tile damage tolerance are reported herein. 
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SYOOLS 

Although physical quantities were measured in U.£. Customary Units, 
they are presented in this paper in the International System of Units (SI). 
Factors relating the tw systems are given in reference 2 and in the 
appendix. 

p pressure, Pa 

T temperature, K 

t time, s 

X, y, z model coordinates (see figure 6), m 

Ap differential pressure load on test panel. Pa 

APPARATUS AND TESTS 
Panel Description 

The TPS panel consists of an array of RSI tiles bonded to stringer- 
stiffened beryllium subpanels mounted on a titanium frame (ref. 3). The 
model shown in figure 1 is 108 X 152 X 12.7 cm. The primary test 
article consists of 8 tiles on two subpanels. Top and bottom views 
of a beryllium subpanel are shown in figure 2. The subpanels are bolted 
on the titanium frame shown in figure 3. The frame in figure 3(a) is 
covered by .64 cm titanium plate around the area reserved for the two sub- 
panels. These plates serve as a bonding surface for the peripheral tiles. 

An aluminum base plate (.8 mm thickness) was attached directly to the bottom 
of the frame to absorb the internal radiation of the test panel. The 
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completed metallic structure with an Initial layer of silica rubber bond 
(RTV-560) is shown in figure 4(a). A portion of the panel with the tiles in 
place but not bonded is shown in figure 4(b). 

The RSI tiles (designated LI-1542) are 29.11 X 29.11 X 3.18 cm and consist 
of rlgidlzed silica fibers (designated LI-1500) with a .25 mm silica carbide 
coating (designated 0042). A schematic of the tiles and joints is shown in 
figure 5. The locations of the panel cross-sections are indicated in the plan 
view in the upper portion of the figure. The details shown are for the 
border joints around the subpanels, the interior panel gaps, and the common 
panel jcint between the subpanels. (Note the offsets in the tile alignment to 
interrupt flow in the longitudinal gaps.) The tile edges are tmdercut (or 
notched) 1.27 cm to a height of one-half the tile thickness (or 1.59 cm) on 
all four sides. The surface gaps between tiles are 1.0 mm wide and the tiles 
are coated on the sides down to the notch. The notch is filled with a 
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thermal seal, a soft silica fibrous material of 96 kg/m density designed to 
prevent hot gas flow from penetrating the bond and substructure. The top of 
the thermal seals was coated with the 0042 coating. 

Panel Instrumentation 

The panel is instrumented with 65 thermocouples; 18 through the tile 
thickness, 27 In the tile gaps, and 20 at various locations on the sub- 
structure. The locations of these thermocouples are Indicated by figure 6 
and in table 1. In figure 6, the plan view of the nanel is shown with 
details of the front and rear subpanels Indicated. The specific locations of 
thermocouples are given in table I by the cartesian coordinates and an 
alphanumeric system is used to identify longitudinal and lateral rows. 
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The longitudinal rows are jogged to follow the subpanel offset of 2.5 cm. 

The Individual RSI tiles are identified by Roman numerals and the distribution 
of the thermocouples in the tiles and tile gaps are indicated by the solid 
symbols in the plan view. Typical in-depth thermocouples are shown in the 
tile, the gaps, and on the substructure in sections AA and BS at the bottom 
of figure 6. 

Panel Holder 

The panel holder is u rectangular slab with a half-wedge sharp leading 
edge. Flow trips at the leading edge are used to ensure an even turbulent 
boundary layer ever the entire surface, and side plates are used to eliminate 
cross-flow. Flow conditions over the surface of the panel holder are 
described in detail in reference 4. The panel holder with the panel 
installed is shown in figure 7 at a typical test position, pitched at 15* to 
the tunnel centerline. The top surface of the test panel is set flush with 
the surface of the panel holder, and the panel is supported from the bottom 
with longitudinal structural beams. The pressure in a cavity beneath the test 
panel is controlled to provide differential pressure loading across the 
panel. 


Facility 

The tests were conducted in the Langley 8- foot high- temperature 
’^structures tunnel (HTST) which is shown schematically in figure 8. This 
facility is a hypersonic blowdown wind tunnel which uses the combustion 
products of methane and air as the test medium and operates at a nominal 
Kach number of 7, at total pressures between 3.4 and 24. 1 MPa, and at 
nominal total temperatures between 1400 K and 2000 K. Corresponding free- 
stream unit Reynolds numbers are between 1 X 10^ and 10 X 10^ per meter. 
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These conditions simulate the aerothermal flight environment at Mach 7 In the 
altitude range between 25 and 40 km. More detailed Information can be found 
in reference 4. A radiant hea^'er is available In the facility to preheat 
the panel prior to Insertion into the stream. 

Tests and Test Procedures 

In the normal mode of wind-tunnel operation, the model Is kept out of the 
stream until hypersonic flow conditions are established. The model Is then 
Inserted rapidly into the stream on an elevator and programed through a 
sequence of events prescribed by test requirements. The model Is withdrawn 
from the stream before tunnel shutdown. 

To evaluate TPS concepts, an attempt is made to simulate a generallzad 
temperature history associated with the Shuttle reentry trajectory. The 
reentry time Is too long to be simulated In the relatively short test time 
of the 8-foot HTST; therefore, the radiant-heat apparatus Is used in 
sequence with the wind ttmnel to extend the thermal cycle. The radiant 
heaters are shown In the cross-section of the test chamber In figure 9. The 
center sketch shows the tunnel nozzle exit, test chamber, and radiant 
heaters. The Insets show (1) the model In the wind-tunnel test position, 

(2) the model lowered from the test position and the radiant heaters 
retracted, and (3) the model covered with the radiant heaters. 

Typical surface temperature histories for the three test modes are 
presented In figure 10. The steps which constitute a particular mode are 
also defined In the figure. In test mode I, thermal load Is provided by 
radiant heaters. The temperature history of figure 10(a) Is representative 
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of an entire Shuttle reentry thermal cycle. This cycle is characterized by a 
linear ramp-up of temperature in about 400 a temperature hold at about 
1100 K for a nominal tii_e of 1500 s, and a controlled cool-down until 
natural cooling becomes dominate. In test mode II, thermal loading is 
aerodynamically provided by the tunnel stream. The panel is inserted into 
the stream at ambient temperature. The surface temperature rises rapidly, 
approaches a steady-state level within the test duration of about 30 s, and 
decreases naturally after panel retraction from the .-stream. Mode III is a 
combination of mode I and mode II. The nominal hold time is 700 s 
and the tunnel stream exposure time is 40 s. In this test mode, close 
coordination is required to remove heaters and then insert the model into 
the test stream to minimize heat loss between heating periods. 

The test panel was exposed to a total of 23 thermal cycles: 11 in mode I, 
6 in mode II, and 6 in mode III. The sequence of tests and test conditions 
are listed in table II. For the radiant heating portions of the tests, the 
elapsed time during ramp-up and hold at constant surface temperature are 
tabulated. For the majority of aerodynamic heating tests, the total 
temperature was nominally 1830 K and the Reynolds number per meter was 
4*9 X 10^. Nominal test conditions on the panel surface at a 15* pitch 
angle were a pressure of 15.2 kPa and a dynamic pressure of 171 kPa. 

Additional teats were also made at zero angle of attack with lower surface 
static and dynamic pressures. The cavity beneath the panel was, in some 
tests, vented to the low pressure at the base of the panel holder which 
developed a collapse pressure (inward acting pressure) over the panel 
greater than 7 kPa« In other tests, the cavity v^as sealed from the base 
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area and the collapse pressure was reduced to . 7 kPa. Total test tice In 
the aerodynamic stream is shown for each test. 

RESULTS AND DISCUSSION 
Thermal Response 

All temperature data at a specific reference time are presented In 
tables III, IV, and V. Temperature data are shown at 1100 seconds Into the 
thermal cycle for radiant heat tests only (table III, mode I) and for aero- 
dynamic heating tests just prior to model insertion (table IV, mode III). 

The temperature data are grouped for ease of comparison; table lll(a) and 
IV(a) list temperatures through the tile thickness, tables Ill(b) and IV(b) 
list temperatures In the tile gaps at 1.S9 cm, and tables III(c) and IV(c) 
list ten^>eratures on th^ support structure. Table V shows temperature data 
for all aerodynamic heating tests after 30 seconds in the stream for 
mode II and 40 seconds in the stream for mode III. It should be noted that 
most of the temperatures tabulated are transient; however, the surface 
temperatures are near steady-state. 

Typical thermal response at four tile locations is shown in figure 11(a) 
for a mode II teat (test 5) and in figure 11(b) for the aerodynamic phase of 
a mode III test (test 8). These locations, indicated by the inset. Include 
the tile surface, a longitudinal border gap, and longitudinal and lateral 
Interior gaps. 

The thermal response of the border gap and the tile surface is more 
rapid than that of the Interior gaps as indicated in figure 11(a). The 
maximum temperature of the border gap exceeds that of the surface. The 


8 



f 


thermal response of the longitudinal border gap was expected to be similar to 
that of the longitudinal interior gap; however, this difference la attributed 
to hot gas leakage through the thermal seal along the border gaps (see 
figure 5) and will be discussed In detail In a later sectic- 

The temperature history shown in figure 11(b) incjudes a po.'.lon of 
radiant heating for orientation. The tunnel was started while the lamps were 
on. During tunnel start, the local static pressure Is reduced from 
atmospheric pressure of 100 kPa to 1.5 kPa in about 5 seconds, and the cool 
ambient air In the cavity beneath the panel escapes through the thermal seals 
along the border gaps as reflected by the sharp reduction in border gap 
temperature. The corresponding Interior gap temperatures dropped slightly and 
the panel surface temperature remain unchanged during this reduction In static 
pressure. After model insertion, the surface temperature quickly reaches 
steady-state, or radiation equilibrium, ana the border gap temperature (as 
noted in figure 11(a)) again exceeds the tile surface temperature. 

The gap temperatures (solid symbols) and tile temperatures at a depth of 
1.27 cm (square symbols) for test 8 are displayed on plan views of the t^le 
array in figure 12. These temperatures are listed in tables IV and V. For 
comparison, the temperatures recorded at t • 1100 seconds into the radiant 
heating phase are presented in figure 12(a) and corresponding temperatures 
recorded at t • 1215 seconds (see time scale of figure 11(b)) are presented 
in figure 12(b). Generally, the temperatures shown in figure 12(a) are 
relatively uniform at about 600 K as cooq>ared to a surface temperature of 
approximately 1100 K (table IV). As Indicated in figure 12(b), the 
temperature changed radically during the aerodynamic heating phase. 
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Temperatures near 1400 K were recorded along the longitudinal border gaps 
(rows 1 and 5); however, temperatures of the Interior gaps (both longitudinal 
end lateral) were generally around 900 K to 1000 K. The high temperatures at 
the "header" region - that is, the forward- facing wall at the end of 
longitudinal gap (for instance, the intersections cf rows A3, E3, and 13) - 
were about 1350 K. The gap temperatures of the header region were expected 
to be higher than the other gap temperatures because the header region served 
as a stagnation surface for longitudinal gap flow. The ^ateral gap 
temperatures adjacent to the headers in rows A, E, and I are 100 K to 200 K 
less than the header temperatures, but are generally greater than the interior 
gap temperatures. 

Effects of Differential Pressure 

The longitudinal border and subpanel gap temperatures were considerably 
higher than expected and suggest increased gap flow due to leakage through 
the thermal seals which permitted hut gas flowthrough to the substructure, 
the border gap temperature distribution along 5 is shown in f ‘ l3 for 
two differential pressure loadings, Ap ■ 7.6 kPa (test 8) and Ap 
(test 22). The difference in the temperature levels is ludicatl’ve of 
increased gap flow as a result of seal leakage. Reducing the differential 
pressure resulted in a 100 K to 300 K reduction in border gap temperatures. 

The substructure temperature at ES was SOO K during run 8 (Ap - 7.6 kPa) but 
only 300 K during test 22 (tp ■ .7 kPa). Consequently, hot gas was apparently 
leaking to the substructure at E5 where lateral and longitudinal border seals 
meet. The effects of flow leskage along the longitudinal border gaps on 
lateral gap temperatures are shown in figure 14 where temperatures along 
row E are plotted for tests 8 and 22. The header temperature at y * 0 is 
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unaffected by ^p. However, the adjacent tenqieratures , about 15 cm on each 
side, ehc!-’ 200 K to 300 K reductions when ^p Is reduced. Note the 
difference In the substructure temperatures indicates flowthrough at both 
comers El and E5. These data strongly suggest that gas leakage at the 
comers causes gap flow transverse to the stream direction. The Influence 
of transverse flow on gap temperature is dependent on the energy of flow in 
the longitudinal gap approachl- • the header, which is characterized by the 
temperature and pressure at the header region. 

The interior panel lateral gap temperatures in row G are shown in 
figure IS for tests 8 and 22. Here, the effect of pressuv-e gradient is seen 
to be small due primarily to the absence of an offset (or header) in the 
longitudinal gap at the center of the suboinel. 

After completion of all the tests, the panel was disasseobled to examine 
the regions where hot gas flowed through the thermal seals. The tile array 
with the forward subpanel removed is shown in figure 16. Much of the 
fibrous thermal seal was damaged during disassembly. The deep seal in the 
lateral gap (row E) does not extend to the comer (ES) where high sub- 
structure temperatures were noted in figure 14. Evidence of hot gas flow in 
this region includes an appearance of scrubbing action on the thermal seal 
and discoloration of the substructure caused by out-gassing of the BTV bond 
material. 


lile Damage Tolerance 

Duil.^g the test series, the tiles incurred considerable surface damage. 
In spite of all the surface damage, the array still provided good thermal 
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performance and appears to have adequa*’'* structural integrity. The overall 
appearance of the tile surface at the conclusion of the tests is shown by the 
photograph in figure 17. Because of the severity of the test conditions, 
subsequent tests following the event of surface damage provides some insight 
into the damage tolerance of the LI-1542 material. 

Tile protective coating damage . - The coating is intended to protect the tile 
from water ingress and to prevent shear erosion of the basic silica tile. 
Although invisible to :he naked eye, cracks were found in the coating before 
test 4, as indicated in figure 18(a) where the crack pattern is traced on a 
transparency. During test 4, tunnel flame-out occurred after 6.2 seconds in 
the stream (see table II); consequently, the hot i.iles wei.e exposed to 
extremely cold flow. A photograph of a typical tile crack pattern after 
test 4 is shown in figure 18(b) . The tile is wetted by a volatile solvent 
to expose the hairline cracks. All of the tiles were crazed as shown in 
figure 18(b) after run 4, but did not seem to worsen with repeated tests. 
There was no flaking of the RSI which suggests the cracks did not penetrate 
the basic silica tile. 

Effects of water soak . - Since the coating crazed and consequently could 
allow water Ingress , tiles VI and VIII were soaked with water for test 23 to 
determine its effect on tile integrity during rapid change in pressure and 
temperature. The static pressure and temperature histories for tile VIII are 
shown in figure 19. The depressurization from 100 kPa to 1.5 kPa occurs 
during tunnel startup and is followed by a pressure increase as the model 
is inserted into the stream. For comparison, the Shuttle ascent depressuri- 
zation rate is shown by the dashed curve. The surface temperature histories 
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of the soaked tile and an adjacent tile (tile V) with no water are shown on 
the right of the figure. The temperature of the soaked tile leveled off at 
the boiling point of water at the local static pressure. However, It Is 

possible that the thermocouple in the soaked tile was shorted by the water; 
consequently, the surface temperature may have been greater than that shown. 
Nevertheless, an excessive amount of water was absorbed In the tile and the 
depressurization rate experienced by the tile was extreme without any 
evidence of damage to the tile surface. 

Foreign particle impact . - During the wind tunnel tests, the model was 
bombarded with foreign particles Inadvertently produced by flaking of the 
thermal coating of the combustor liner of the 8-foot HTST. Impact of these 
minute particles caused extensive crater damage to the tiles. A series of 
photos Is shown in figure 20 to Illustrate the progression of surface damage. 
The photos were taken of the same tile after test 8, 12, and 23. The large 
crater (see large arrow), which appeared after test 8, was field repaired 
with a mixture of the coating material, and no further erosion was 
experienced. A smaller crater (see small arrow) , which also appeared after 
run 8, was not repaired and showed no evidence of erosion for the remainder 
of the tests. Thus, particle Impact which caused craters in the RSI tiles 
had no discernible effect on the tile integrity. 

Edge erosion . - The tile assembly had forward-facing steps at two locations; 
each of which experienced erosion along the tile edges. The progression of 
edge erosion of a .6 mm step and a .4 mm step is shown in figures 21 and 
22, respectively. The propagation of the edge erosion was probably enhanced 
by foreign particle impact, however, the erosion rate was slow and exposure 
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of the bare silica to the stream did not result in catastrophic failure. 
Observation of movie film indicated the eroded edges became local hot spots 
because of the reduced value of emlsslvity in the absence of coating. 

Flow impingement . - At least one type of damage which cannot be tolerated 
during a reentry is that due to hot gas impingement in the header region. 

As noted earlier, temperature at the bottom of the gaps in the header region 
measured about 1350 K. The resulting damage is shown in figure 23 where the 
forward-facing wall at the intersection of rows E3 has been eroded about 
1 cm into the silica. The ten^erature in this region must have been near the 
melting temperature of the silica. This erosion and similar ones at other 
header regions are significant In the fact that the surface temperature of the 
tiles was only 1100 K. Consequently, along the bottom centerline of the 
Orblter where surface temperatures are around 1600 K, Impingement of gap 
flow on a forward- facing wall could be catastrophic. 

CONCLUDING REMARKS 

A large panel of L1-1S42 RSI tiles was subjected to a series of cyclic 
heating tests using radiant lamps and aerotherme tests in the 8-foot high- 
temperature structures tunnel to assess their thermal and structural 
performance. The results strongly suggest that pressure gradients in gaps 
and flow impingement on the header walls at the end of longitudinal gaps are 
sources for Increased gap heating. Temperatures higher than the surface 
radiation equilibrium temperature were measured deep in gaps and at header 
walls. Also, the damage tolerance of LI-1542 RSI appears to be very high. 

The silica carbide coating became crazed early in the test program, but had 
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no apparent effect on tile integrity. Impact of foreign particles in the 
stream caused craters in the tiles, but field repairs successfully retarded 
erosion of the impacted area. Tile edge erosion rate was slow and exposure 
of the bare silica to the stream did not result in catastrophic failure. 
However, hot gas impingement on the header walls caused excessive erosion, 
which could not be tolerated in a Shuttle application. Tiles soaked with 
water and subjected to rapid depressurization and aerodynamic heating showed 
no visible evidence of damage. 


APPENDIX 


CONVERSION OF U.S. CUSTOMARY UNITS TO SI UNITS 


Factors required for converting U.S. Customary Units to the International 
System of Units (SI) are given In the following table: 


Physical quantity 

U.S. Customary 
Unit 

Conversion 

factor 

C*1 

SI Unit 

Density 

pcf 

16.01846 

3 3 

kllogram/meter (kg/m ) 


r in. 

0.0254 

meter (m) 

Length 


0.3048 

meter (m) 


V. per ft 

3.28083 

per meter (m 

Pressure 

psl 

6894.757 

pascal (Pa) 

1 

Temperature 

•r 

5/9 

1 

kelvln (K) 


♦Multiply value in U.S. Customary Unit by conversion factor to obtain 
equivalent value In SI Unit. 

Prefixes to Indicate multiples of units are as follows: 


Prefix 

Multiple 

kilo (k) 

10^ 

centl (c) 

lO"^ 


-3 

mini (m) 

10 
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TABLE I. - THERMOCOUPLE LOCATIONS - Concluded 
(c) Substructure 

Thermocouple No. 

X, cm 

y, cm 

Beryllium subpanel skin (z = 3*50 cm) 

T81- 

32. U 

2,5_ 

T82 

32.1* 

0 

T85 

105. 

^.7 

Titanium frame (* * 6.78 cm) 

T59 

20.3 

0 

T61 

78.7 

-27.9 

T63 



0 

T65 


f 

25.U 

T6T 

105. U 

_ - -27.9 

T69 

105. U 

25. u 

T71 

132.1 

-27.9 

Titanium frame (z • 12.6 cm) 

T60 

20.3 

0 

T62 

78 J 

-27^9 

T6U 



0 

t66 



25.4 

t68 

105. u 

-27.9 

T70 

loBT^ 

25.4 

T72 

132.1 

-27.9 

TT5 

132. i 

6 

Aluminum base plate (* ■ 12.7 cm) 

T77 

U7.0 

0 

T76 

105. 

0 
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TABLE II. - SEQUENCE OF TESTS AND TEST CONDITIONS OF THE LI-1542 PANEL 


1 


Comments 

r Tunnel 
^ Breakdown 

A Combustor 

flameout 

^ Water in 
Ltwo tiles 

1 

a 10 

•H 

(u § 

s s 

Eh ^ 

CO oo OJOD VOCOCVJVDt^ O VOVO 

• . .. 

OJirsVOONCVJ 0 \ 0000 \ O oo 

j^cvi-tmoo-^rcn ^ -:tm 
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TABLE V. - PABEL TEMPERATURES (K) AFTER 30 8 OF iLEBODYNAMIC HEATIEO 
FOR MODE II AND UO 9 OF AERODYNAMIC HEATING FOR MODE III 

(a) RSI tile 
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TABLE V. - PANEL TEMPERATURES (K) AFTER 30 s OF AERODYNAMIC HEATING 
FOR MODE II AND kO s OF AE. ODYHAMIC HEATING FOR MODE III - Concluded 
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(a) Substructure with RTV bond. 


Figure 4, - Photographs illustrating tile assembly. 
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Figure 7. Photograph of test panel ina tailed in the 8- foot KTST pat 
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Figure 9. - Illustration of radiant heating appararus In the 8-foot 
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Figure 11.- Typical thermal reaxmae of panel to aerodynamic heating. 





Aerodynamic heating 



(b) Mode in (test 8) 
Figure 11.- Concluded 
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ntial pressure on gap and substructure temperature almg 
of aerodynamic heating. 




Figure 14.- Effects of differential pressure on subpanel gap and substructure 
temperature along row E after 40 s of aerodynamic heating. 



Row G (x « 105.4 cm) 



Figure 15.- Effects of differential pressure cm interior gap and substructure | 

temperature along row G after 40 s of aerodynamic heating. I 
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